To determine whether the serine/threonine kinase Akt (also known as protein kinase B) is activated in vivo by insulin administration in humans, and whether impaired activation of Akt could play a role in insulin resistance, we measured the activity and phosphorylation of Akt isoforms in skeletal muscle from 3 groups of subjects: lean, obese nondiabetic, and obese type 2 diabetic. Vastus lateralis biopsies were taken in the basal (overnight fast) and insulinstimulated (euglycemic clamp) states. Insulin-stimulated glucose disposal was reduced 31% in obese subjects and 63% in diabetic subjects, compared with lean subjects. Glycogen synthase (GS) activity in the basal state was reduced 28% in obese subjects and 49% in diabetic subjects, compared with lean subjects. Insulin-stimulated GS activity was reduced 30% in diabetic subjects. Insulin treatment activated the insulin receptor substrate-1-associated (IRS-1-associated) phosphoinositide 3-kinase (PI 3-kinase) 6.1-fold in lean, 3.7-fold in obese, and 2.4-fold in diabetic subjects. Insulin also stimulated IRS-2-associated PI 3-kinase activity 2.2-fold in lean subjects, but only 1.4-fold in diabetic subjects. Basal activity of Akt1/Akt2 (Akt1/2) and Akt3 was similar in all groups. Insulin increased Akt1/2 activity 1.7-to 2.0-fold, and tended to activate Akt3, in all groups. Insulin-stimulated phosphorylation of Akt1/2 was normal in obese and diabetic subjects. In lean subjects only, insulin-stimulated Akt1/2 activity correlated with glucose disposal rate. Thus, insulin activation of Akt […] Article Find the latest version:
Introduction
A fundamental mechanism for maintenance of glucose homeostasis is the rapid action of insulin to stimulate glucose uptake and metabolism in peripheral tissues. Skeletal muscle is the primary site of glucose disposal in the insulin-stimulated state (1) . Resistance to the actions of insulin in skeletal muscle is a major pathogenic factor in type 2, or non-insulin-dependent, diabetes mellitus (NIDDM) (2) . This resistance also contributes to the morbidity of obesity, and complicates poorly controlled type 1 (autoimmune) diabetes (3) . Insulin increases glucose transport in skeletal muscle by eliciting the translocation of GLUT4, the major insulin-regulated glucose transporter, from intracellular vesicles to the plasma membrane and transverse tubules (4, 5) . In muscle of type 2 diabetic subjects, the expression of the GLUT4 gene is normal; impaired insulin action on glucose uptake most likely results from altered trafficking or impaired function of GLUT4 (6) . Because glucose transport in response to other stimuli that use different signaling pathways is normal in muscle of type 2 diabetic subjects (7, 8) , the resistance to insulin stimulation may be due to impaired insulin signal transduction (9) . Although there is growing information about the proximal steps in insulin signaling (10, 11) , the more distal pathways involved in insulin-stimulated glucose uptake are still unclear.
Insulin signaling involves a cascade of events initiated by insulin binding to its cell-surface receptor. This is followed by receptor autophosphorylation and activation of receptor tyrosine kinases, which result in tyrosine phosphorylation of insulin receptor substrates (IRSs), including IRS-1, IRS-2, IRS-3, IRS-4, Gab1, and Shc (4, 5, 12, 13) . Binding of IRSs to the regulatory subunit of phosphoinositide 3-kinase (PI 3-kinase) at Src homology 2 domains results in activation of PI 3-kinase, which is necessary for insulin action on glucose transport (14) (15) (16) (17) , glycogen synthase (GS) (18) , protein synthesis (19) , antilipolysis (15) , and gene expression (20) . PI 3-kinase activation is responsible, at least in part, for insulin stimulation of GLUT4 translocation from intracellular vesicles to the plasma membrane (15, 21, 22) . Insulin-stimulated PI 3-kinase activity is decreased in lean type 2 diabetic subjects, providing evidence for a defect in insulin signaling that could contribute to Normal insulin-dependent activation of Akt/protein kinase B, with diminished activation of phosphoinositide 3-kinase, in muscle in type 2 diabetes Young-Bum Kim, 1 Svetlana E. Nikoulina, 2 Theodore P. Ciaraldi, 2 Robert R. Henry, 2 and Barbara B. Kahn 1 To determine whether the serine/threonine kinase Akt (also known as protein kinase B) is activated in vivo by insulin administration in humans, and whether impaired activation of Akt could play a role in insulin resistance, we measured the activity and phosphorylation of Akt isoforms in skeletal muscle from 3 groups of subjects: lean, obese nondiabetic, and obese type 2 diabetic. Vastus lateralis biopsies were taken in the basal (overnight fast) and insulin-stimulated (euglycemic clamp) states. Insulin-stimulated glucose disposal was reduced 31% in obese subjects and 63% in diabetic subjects, compared with lean subjects. Glycogen synthase (GS) activity in the basal state was reduced 28% in obese subjects and 49% in diabetic subjects, compared with lean subjects. Insulin-stimulated GS activity was reduced 30% in diabetic subjects. Insulin treatment activated the insulin receptor substrate-1-associated (IRS-1-associated) phosphoinositide 3-kinase (PI 3-kinase) 6.1-fold in lean, 3.7-fold in obese, and 2.4-fold in diabetic subjects. Insulin also stimulated IRS-2-associated PI 3-kinase activity 2.2-fold in lean subjects, but only 1.4-fold in diabetic subjects. Basal activity of Akt1/Akt2 (Akt1/2) and Akt3 was similar in all groups. Insulin increased Akt1/2 activity 1.7-to 2.0-fold, and tended to activate Akt3, in all groups. Insulin-stimulated phosphorylation of Akt1/2 was normal in obese and diabetic subjects. In lean subjects only, insulin-stimulated Akt1/2 activity correlated with glucose disposal rate. Thus, insulin activation of Akt isoforms is normal in muscle of obese nondiabetic and obese diabetic subjects, despite decreases of approximately 50% and 39% in IRS-1-and IRS-2-associated PI 3-kinase activity, respectively, in obese diabetic subjects. It is therefore unlikely that Akt plays a major role in the resistance to insulin action on glucose disposal or GS activation that is observed in muscle of obese type 2 diabetic subjects.
impaired GLUT4 translocation and insulin resistance (9) . However, the downstream pathways by which impaired insulin-stimulated PI 3-kinase activation results in decreased GLUT4 translocation remain unknown. A candidate molecule of recent interest is the serine/threonine kinase Akt, also known as protein kinase B, or Rac.
Akt is a proto-oncogene with homology to protein kinases A and C (23, 24) . Insulin and other growth factors activate Akt through PI 3-kinase, although other agonists can activate Akt by a PI 3-kinase-independent pathway (25) (26) (27) . Activation of Akt requires phosphorylation at threonine and serine residues (28) . This phosphorylation is brought about by protein kinases such as the recently identified phosphoinositidedependent protein kinase-1 (29) . Three isoforms of Akt have been cloned. In rodent muscle, Akt1 and to a lesser extent Akt2 are stimulated by insulin, whereas Akt3 shows minimal response (30) .
Akt mediates the effects of PI 3-kinase on some cellular events, such as apoptosis (31) and protein synthesis (32, 33) . It is also thought to mediate the phosphorylation and inactivation of glycogen synthase kinase-3 (GSK-3) by insulin (34) . GSK-3 is a negative regulator of glycogen synthesis through its inhibitory effect on GS activity (35) . The role of Akt in GLUT4 translocation is controversial (32, (36) (37) (38) . Overexpression of constitutively active Akt results in increased glucose uptake in the absence of insulin in 3T3-L1 adipocytes (22, 35) , and stimulates GS activity by inhibition of GSK-3 activity in L6 myotubes (39) . However, a dominant-negative Akt in which both phosphorylation sites were mutated blocked protein synthesis, but did not impair insulin activation of glucose transport (31) . In contrast, a construct that was also mutated in the kinase domain blocked insulinstimulated GLUT4 translocation (38) . When muscle strips from lean diabetic subjects were incubated in vitro with physiologic concentrations of insulin, activation of Akt (detected with an antibody against the pleckstrin homology domain of Akt1) was normal -although at pharmacologic levels of insulin, Akt activation was modestly reduced (40) . Whether activation of Akt in vivo is impaired in insulin-resistant states such as obesity and type 2 diabetes, and whether this contributes to insulin resistance in vivo by altering glucose uptake or glycogen synthesis, is unknown. Furthermore, there is no data regarding the ability of insulin to activate Akt3 in insulin target tissues in humans.
Therefore, to determine the mechanism(s) for insulin resistance in obese nondiabetic and obese type 2 diabetic subjects, we investigated the ability of insulin to stimulate Akt activity in skeletal muscle. Here we report that in vivo infusion of insulin in humans phosphorylates and activates Akt1 and Akt2 (designated Akt1/2), and tends to activate Akt3, in skeletal muscle. The activity of Akt1/2 and Akt3 is normal in muscle of insulin-resistant obese subjects and obese type 2 diabetic subjects, despite a 50% decrease in insulin-stimulated IRS-1-associated PI 3-kinase activity and a 39% decrease in IRS-2-associated PI 3-kinase activity in obese diabetic subjects. Thus, the key steps involved in insulin resistance in skeletal muscle of moderately obese nondiabetic and type 2 diabetic subjects (i.e., impaired insulin action on glucose uptake and GS activation) do not appear to involve defective stimulation of Akt isoforms.
Methods
Human subjects. Eight lean nondiabetic subjects, 8 obese nondiabetic subjects, and 12 obese subjects with type 2 diabetes participated in this study. Nearly all subjects were male (Table 1) ; there were 3 females in the diabetic group. There was no difference in the signaling or insulin-action parameters when the 3 female subjects were excluded from the analyses, so they were included in the analyses. The experimental protocol was approved by the Human Subjects Committee of the University of California-San Diego and of the Veterans Administration Medical Center, San Diego. Written informed consent was obtained from all subjects. All of the nondiabetic subjects had normal glucose tolerance (75 g oral glucose load), as defined by fasting glucose below 126 mg/dL and 2-hour glucose below 140 mg/dL (41) . All subjects were screened to ensure that they were healthy (aside from having diabetes) and did not have significant diabetic complications. Hypoglycemic agents were withdrawn at least 2 weeks before studies were performed. No subject was on any other medication that is known to affect carbohydrate metabolism.
Protocol. All study subjects were admitted to the Special Diagnostic and Treatment Unit at the Veterans Administration Medical Center, San Diego. Subjects consumed a standardized weight-maintenance diet containing 55% of calories as carbohydrate, 30% as fat, and 15% as protein, for at least 24 hours before the studies. After an overnight fast, all subjects underwent a 3-hour hyperinsulinemic (120 or 300 mU/m 2 per minute), euglycemic (5.0-5.5 mM) clamp as described previously (42) . The glucose disposal rate (GDR) was determined during the last 30 minutes of the clamp. Percutaneous needle biopsies of vastus lateralis muscle were performed before insulin infusion and at the end of the clamp study as described previously (42), and muscle tissue was immediately frozen in liquid nitrogen. At each insulin infusion rate, plasma insulin concentrations were similar among all groups. There were no differences in the mean values for insulin-stimulated PI 3-kinase activity, Akt activity, Akt gel mobility shift, GDR, or GS activity between subjects in a given group who were infused at 120 or 300 mU/m 2 per minute. Therefore, data at the 2 infusion rates were combined for each group. In some additional subjects, muscle biopsies were also taken after 15 minutes of insulin infusion (300 mU/m 2 per minute) to determine whether there was an earlier transient peak in PI 3-kinase or Akt activity. Plasma glucose and insulin levels were determined before each biopsy.
PI 3-kinase activity. Fifty milligrams of tissue was homogenized in 500 µL lysis buffer, containing 10 mM Tris (pH 8.1), 140 mM NaCl, 10 mM sodium pyrophosphate, 10 mM NaF, 1 mM CaCl 2 , 1 mM MgCl 2 , 2 mM Na 3 VO 4 , 10% glycerol, 1% NP-40, 10 µg/mL aprotinin, 50 µM leupeptin, and 2 mM PMSF, at 4°C using a Polytron at half maximum speed for 1 minute. It was then solubilized by continuous stirring for 1 hour at 4°C, and centrifuged for 10 minutes at 14,000 g. The supernatants (500 µg protein) were immunoprecipitated with 5 µL of an IRS-1 or IRS-2 antibody (gifts from Morris White, Joslin Diabetes Center, Boston, Massachusetts, USA) coupled to protein A-Sepharose (Sigma Chemical Co., St. Louis, Missouri, USA). The immune complex was washed, and PI 3-kinase activity was measured as described (43) and then quantitated using a PhosphorImager (ImageQuant software; Molecular Dynamics, Sunnyvale, California, USA).
Akt kinase activity. Fifty milligrams of tissue was homogenized on ice in 500 µL of buffer A (20 mM Tris [pH 7.5], 5 mM EDTA, 10 mM Na 4 P 2 O 7 , 100 mM NaF, and 2mM Na 3 VO 4 ) containing 1% NP-40, 1 mM PMSF, and 10 µg/mL aprotinin, using a Polytron. Muscle lysates were solubilized as described for the PI 3-kinase assay. The supernatants (500 µg protein) were immunoprecipitated for 4 hours at 4°C with 4 µg of an Akt antibody that recognizes both Akt1 and Akt2 (Upstate Biotechnology Inc., Lake Placid, New York, USA) or with 4 µg of an Akt3 antibody (Upstate Biotechnology Inc.) coupled to protein G-Sepharose beads (Amersham Pharmacia Biotech, Piscataway, New Jersey, USA). The immune pellets were washed, and Akt activity was measured as described (44) . With this protocol, the efficiency of immunoprecipitation of Akt is approximately 95% (not shown).
GS activity. Twenty milligrams of muscle biopsy sample was homogenized at 4°C with 1 mL of an extraction buffer (50 mM HEPES, 10 mM EDTA, 100 mM NaF, 5 mM DTT, 1 µM leupeptin, 1 µM pepstatin, and 200 µM PMSF; pH 7.5), using a Polytron at maximum speed for 15 seconds. After centrifugation (3,000 g for 20 minutes), the supernatant was diluted with the extraction buffer to a final total protein concentration of 0.5 mg/mL, and GS activity was measured as described (45, 46) . GS activity was determined at a physiologic concentration of substrate (0.3 mM UDPglucose), calculated as nanomoles of UDP-glucose incorporated into glycogen per minute per milligram of total protein, and expressed as fractional velocity (activity assayed at 0.1 mM glucose-6-phosphate divided by the activity at 10 mM glucose-6-phosphate). This is an indicator of the change in the phosphorylation state of GS in response to insulin (47) .
Akt gel mobility shift and p85 protein levels. One hundred micrograms of tissue-lysate protein per lane was resolved by SDS-PAGE (8% gel) and transferred to nitrocellulose membranes (Schleicher & Schuell Inc., Keene, New Hampshire, USA). The nitrocellulose membranes were blocked with 5% nonfat dry milk for 1 hour at room temperature, and then incubated with either an Akt antibody that recognizes both Akt1 and Akt2 or an antibody against the p85α subunit of PI 3-kinase (both from Upstate Biotechnology Inc.), in 1% nonfat dry milk overnight at 4°C. The membranes were washed, and bands were visualized using enhanced chemiluminescence (Amersham Pharmacia Biotech) and quantified by densitometry (Molecular Dynamics).
Statistical analysis. Data calculation and statistical analysis were performed using the StatView program (Abacus Concepts Inc., Berkeley, California, USA). Data are presented as mean ± SEM. Statistical significance was tested with repeated-measures ANOVA.
Results
Clinical and metabolic characteristics of the subjects. Mean age was similar in the lean, obese nondiabetic, and obese type 2 diabetic subjects ( Table 1 ). Body mass index was significantly increased in obese nondiabetic and obese diabetic subjects compared with lean subjects (P < 0.001). Body mass index was not significantly different between obese nondiabetic and obese diabetic subjects. Hemoglobin A1c, fasting serum glucose, and fasting plasma insulin were significantly elevated in obese diabetic subjects compared with lean or obese nondiabetic subjects. Fasting plasma FFA levels were normal in obese nondiabetic subjects, and were elevated 55-58% in diabetic subjects, compared with levels in lean and obese nondiabetic subjects (P < 0.05). Figure 1 shows that the GDR (as determined by a hyperinsulinemic, euglycemic clamp) was reduced 31% in the obese nondiabetic subjects compared with lean subjects (P < 0.001); 63% in obese diabetic subjects compared with lean subjects (P < 0.001); and 47% in obese diabetic subjects compared with obese nondiabetic subjects (P < 0.001).
Akt kinase activity and phosphorylation, and PI 3-kinase activity. Basal activity of Akt1/2 was not different among the 3 groups (Figure 2a ). Insulin increased Akt1/2 activity in muscle of nearly every subject; the mean increase was 1.7-fold in lean, 2.0-fold in obese nondiabetic, and 1.7-fold in obese diabetic subjects (P = NS among groups). For 1 lean and 1 obese nondiabetic subject, biopsy specimens were available only in the insulin-stimulated state. Therefore, these 2 values were included without corresponding basal values. These values did not change the means for insulinstimulated Akt1/2 activity, which were similar in all 3 
Figure 1
GDR during hyperinsulinemic, euglycemic clamp in lean, obese nondiabetic, and obese diabetic subjects. Data are mean ± SEM for 8-12 subjects per group. **P < 0.001 vs. lean. ‡ P < 0.001 vs. obese nondiabetic.
groups. Figure 2b shows the gel mobility shift of Akt1/2 in response to insulin administration in vivo. In muscle from subjects in the basal state, Akt1/2 migrated on SDS-PAGE primarily as 1 band, representing 1 phosphorylation state.
In muscle biopsies taken from the same subjects during insulin stimulation, a portion of Akt migrated more slowly because of hyperphosphorylation (48) . The gel mobility shift in response to insulin was similar in lean, obese nondiabetic, and obese diabetic subjects. This indicates a normal extent of Akt1/2 phosphorylation in muscle in response to insulin in insulin-resistant subjects. Figure 2c shows that the total amount of Akt1/2 protein was not significantly altered in skeletal muscle of obese nondiabetic or obese diabetic subjects. The bars show densitometric quantitation for 8-12 subjects per group. Figure 2d shows that Akt3 activity in the basal and insulin-stimulated states was also not different among groups. Insulin tended to increase Akt3 activity in all groups, but the insulin effect on Akt3, unlike Akt1/2, did not reach statistical significance, owing to greater variability among values in each group (Figure 2d ). These data concur with studies in the rat showing minimal stimulation of Akt3 in muscle after insulin injection (30) .
To determine whether there was an early transient peak in Akt activity at which time insulin activation might be defective in insulin-resistant subjects, we carried out pilot studies in muscle of a similar group of lean, obese, and obese type 2 diabetic subjects who were biopsied at 15 minutes and again at 3 hours after insulin infusion. Akt1/2 activity was no higher at 15 minutes than at 3 hours (data not shown), nor was it different among groups at either time point. Maximally stimulating plasma insulin levels (679-826 µU/mL) were achieved in all subjects after 15 minutes of infusion. Therefore, we pursued the studies at 3 hours, as shown above, so that Akt activity was measured at the same time as GDR and GS activity. To determine whether a defect in Akt stimulation might be uncovered at a submaximal insulin concentration, we carried out additional pilot studies, infusing subjects with a dose of insulin (90 mU/m 2 per minute) that gave submaximal stimulation of glucose uptake in obese and diabetic subjects. We found no defect in Akt1/2 stimulation in diabetic subjects at the lower insulin concentration, despite defective stimulation of glucose disposal (data not shown). Although we cannot rule out a subtle shift in the sensitivity of Akt to insulin in insulin-resistant subjects, such a subtle shift would be very difficult to discern. Most importantly, at insulin concentrations in which defective glucose disposal is present in diabetic subjects, there is no defect in Akt1/2 or Akt3 activity in muscle. Figure 3 shows IRS-1-and IRS-2-associated PI 3-kinase activity in muscle from the 3 primary study groups. 
Figure 2
Akt1/2 kinase activity (a), Akt1/2 phosphorylation (b), Akt1/2 protein levels (c), and Akt3 kinase activity (d) in skeletal muscle of lean, obese nondiabetic, and obese diabetic subjects. Twenty-six subjects had biopsies of vastus lateralis muscle performed before and at the end of a 3-hour hyperinsulinemic, euglycemic clamp. One additional lean and 1 additional obese subject have data only in the insulin-stimulated state, because biopsies before the clamp gave very low yields. (a and d) Akt kinase activity was measured in muscle lysates (500 µg) that were subjected to immunoprecipitation with either an antibody that recognizes both Akt1 and Akt2, or an Akt3 antibody. The immunoprecipitated pellets were assayed for kinase activity using Crosstide as substrate. In a, each ellipse shows values from a single subject; rectangles show mean ± SEM for 7-12 subjects per group. In d, bars represent mean ± SEM for 5 lean, 4 obese, and 8 diabetic subjects. (b and c) Proteins in muscle lysates (100 µg) were separated by SDS-PAGE on 8% gels and transferred to nitrocellulose membranes. Akt1/2 was visualized using immunoblotting. the immune complex PI 3-kinase assay. Samples from a single subject biopsied in the basal and insulin-stimulated states were run in adjacent lanes. Figure 3 , b and d show quantitation of results from many subjects. Basal IRS-1-associated PI 3-kinase activity was unchanged among the 3 groups ( Figure 3, a and b) . Insulin increased IRS-1-associated PI 3-kinase activity 6.1-fold in lean, 3.7-fold in obese nondiabetic, and just 2.4-fold in obese diabetic subjects. The reduced fold stimulation in the obese nondiabetic subjects was due primarily to a tendency for increased basal PI 3-kinase activity, but this did not reach statistical significance. Insulin-stimulated IRS-1-associated PI 3-kinase activity was normal in muscle from obese nondiabetic subjects, but was reduced 50% in obese diabetic subjects compared with lean subjects (P < 0.01) and obese nondiabetic subjects (P < 0.05). Basal IRS-2-associated PI 3-kinase activity was also not different among groups ( Figure 3, c and d) . Insulin increased IRS-2-associated PI 3-kinase activity 2.2-fold in lean, 1.6-fold in obese, and 1.4-fold in diabetic subjects (P < 0.05 vs. lean control; Figure 3d ). Insulin-stimulated IRS-2-associated PI 3-kinase activity was reduced 38-39% in diabetic subjects compared with both lean and obese subjects (P < 0.05). The amount of the p85 regulatory subunit of PI 3-kinase was unchanged in these subjects (Figure 3e) . GS activity. GS activity has previously been shown to be decreased in muscle of type 2 diabetic subjects (49-51); this is thought to contribute to insulin resistance. In this study, when we found that activation of Akt was normal in diabetic subjects (Figure 2) , we investigated whether GS activity was decreased in the same study population. Basal GS activity tended to be reduced 28% in muscle of nondiabetic obese subjects (P = NS), and was significantly reduced (49%) in muscle of obese diabetic subjects (P < 0.05) compared with lean subjects (Figure 4) . During the clamp, insulin stimulated GS activity by 2-to 2.5-fold in all groups. The fractional velocity for insulin-stimulated GS activity was 30% lower in diabetic subjects than in lean subjects (P < 0.01) and obese subjects (P < 0.05).
Relationship between Akt activity, PI 3-kinase activity, and GDR. A highly significant positive relationship was seen between insulin-stimulated Akt1/2 activity and insulinstimulated GDR in lean subjects (r = 0.85, P < 0.001; Figure 5a ). This correlation was not present in obese nondiabetic or obese diabetic subjects ( Figure 5, b and  c) . Neither the absolute level of insulin-stimulated Akt1/2 activity nor the increment in insulin-stimulated activity above basal levels correlates with fasting Figure 3  IRS-1-associated (a and b) and IRS-2-associated (c and d) PI 3-kinase activity and p85 protein levels (e) in skeletal muscle of lean, obese nondiabetic, and obese diabetic subjects. All subjects underwent a 3-hour hyperinsulinemic, euglycemic clamp, and biopsies of vastus lateralis muscle were performed before and at the end of the clamp. (a and c) PI 3-kinase activity was measured in muscle lysates (500 µg) that were subjected to immunoprecipitation with an IRS-1 (a) or IRS-2 (c) antibody. The origin and position of phosphatidylinositol 3-phosphate (PI3P) are indicated on the left. Each lane contains a sample from a single subject; the basal (-) and insulin-stimulated (+) samples from each subject were loaded in adjacent lanes. The autoradiogram is representative of 3 independent experiments. (b and d) Quantitation of IRS-1-associated (b) or IRS-2-associated (d) PI 3-kinase activity in muscle using a PhosphorImager. Data are mean ± SEM for 6-12 subjects per group. *P < 0.05 vs. insulin-stimulated obese nondiabetic subjects. § P < 0.01 vs. insulin-stimulated lean subjects. # P < 0.05 vs. insulin-stimulated lean subjects. (e) Proteins in muscle lysates (100 µg) were separated by SDS-PAGE on 8% gels and transferred to nitrocellulose membranes. The p85 regulatory subunit of PI 3-kinase was visualized by immunoblotting with a p85α antibody, and levels were densitometrically quantitated. The autoradiogram is representative of 3 independent experiments. Each lane contains muscle from 1 subject; bars show mean ± SEM for 6-12 subjects per group. plasma glucose, hemoglobin A1c, fasting plasma insulin, body mass index, or GS activity (not shown). The progressive decrease in the correlation of Akt activation and GDR in obese nondiabetic and obese diabetic subjects reflects the decrease in GDR, because the range of Akt responses is the same in all 3 groups. This suggests that the resistance to insulin-stimulated glucose disposal does not involve a defect in Akt activation. The relationship between Akt1/2 activity and PI 3-kinase activity in the insulin-stimulated state had an r value of 0.76 in lean control subjects (P < 0.08). The r value was considerably lower for obese nondiabetic and diabetic subjects (P = NS), further suggesting a dissociation between PI 3-kinase and Akt activity in these insulin-resistant states. There was no correlation between insulin-stimulated Akt3 activity and GDR, even in lean control subjects (not shown).
Discussion
Although many of the proximal steps in insulin signaling have been identified (52), the downstream pathways that are important for insulin action to maintain glucose homeostasis are less well-defined. Recently, interest has focused on the serine/threonine kinase Akt. The role of Akt in insulin-stimulated glucose transport and metabolism is controversial, and there is very limited data on its potential role in the insulin resistance associated with obesity and type 2 diabetes. To our knowledge, the data from this study are the first to demonstrate that in vivo insulin administration in humans activates Akt in skeletal muscle. Most importantly, the ability of insulin to phosphorylate and activate Akt isoforms in vivo in muscle of obese humans with type 2 diabetes was normal. Interestingly, insulin-stimulated PI 3-kinase activity associated with IRS-1 was reduced 50%, and that associated with IRS-2 was reduced 39%, in muscle of these diabetic subjects, indicating that maximal stimulation of PI 3-kinase activity is not necessary for maximal activation of Akt. These data suggest that in human muscle, alterations in Akt activation are unlikely to contribute to the insulin resistance of obesity or type 2 diabetes. Although an in vitro study showed a 34% decrease in insulin-stimulated Akt activity when human muscle strips from lean diabetic subjects were incubated with pharmacologic insulin concentrations (60 nmol/L), Akt activation was normal after incubation with physiologic insulin concentrations (40) , consistent with our own data.
One interpretation of the discrepancy between normal activation of Akt and impaired insulin-stimulated glucose disposal and activation of GS in muscle of obese, type 2 diabetic subjects is that Akt may not be the major (or the only) downstream mediator of these metabolic actions of insulin. The role of Akt in insulin-stimulated glucose transport remains controversial, and studies with 2 different dominant-negative constructs of Akt yielded conflicting results (32, 38) . The demonstration that rapamycin inhibits insulin stimulation of GS (18) suggests that another pathway may be involved in this metabolic action of insulin in addition to, or as an alternative to, Akt-mediated phosphorylation of GSK-3 (34, 53) , at least in some cell types.
Only a few studies have addressed the role of Akt in normal insulin action or in insulin-resistant states in intact animals. Glucosamine infusion in rats rapidly impairs insulin-stimulated glucose disposal and PI 3-kinase activity in skeletal muscle, but activation of Akt is preserved (54) , consistent with our current results in obese diabetic humans. In contrast, in chronically insulin-deficient diabetic rats, Akt activity in muscle (stimulated in vitro by insulin) was diminished (55, 56) . The effect of insulin on Akt activity was normalized by phlorizin treatment, which improved glycemia and glucose tolerance without altering plasma insulin levels. This suggested that hyperglycemia downregulated Akt activity. The reason for the different results in this model (55) could derive from other metabolic disturbances associated with this chronically insulin-deficient diabetic state, or from differences in study design. Activation of Akt was performed in isolated muscles in vitro, and defects were seen only at supraphysiologic (120 nM) insulin concentrations, not at physiologic concentrations (0.6 and 2.4 nM) (40, 56) . In fact, at a physiologic insulin concentration in vitro, PI 3-kinase activity was reduced but Akt activity was normal in soleus muscles of diabetic rats (40, 56) , consistent with our observation in humans that activation of Akt can be preserved under conditions in which PI 3-kinase activity is impaired.
Also consistent with our current findings are data from a severely insulin-resistant model without hyperglycemia -the Zucker fa/fa obese rat. Insulin-stimulated Akt activity in skeletal muscle of these obese rats was very mildly reduced, whereas PI 3-kinase was reduced 77% compared with lean rats (Y.-B. Kim et al., manuscript submitted for publication). Taken together, these studies indicate that either (a) only a small amount of PI 3-kinase activity is necessary to maximally activate Akt, or (b) other pathways that are independent of PI 3-kinase are also involved in activation of Akt by insulin, at least in insulin-resistant
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Figure 4
GS activity in skeletal muscle of lean, obese nondiabetic, and obese diabetic subjects. All subjects underwent a 3-hour hyperinsulinemic, euglycemic clamp; biopsies of vastus lateralis muscle were performed before and at the end of the clamp. GS activity was determined at a subsaturating concentration of substrate (0.3 mM UDP-glucose) and is expressed as fractional velocity (FV; GS activity at 0.1 mM glucose-6-phosphate divided by the activity at 10 mM glucose-6-phosphate). Data are mean ± SEM for 6-12 subjects per group. † Basal values in diabetic subjects are different from those in lean subjects (P < 0.05). § Insulin-stimulated values in diabetic subjects are different from those in lean subjects (P < 0.01). *Insulin-stimulated values in diabetic subjects are different from those in obese nondiabetic subjects (P < 0.05).
states. Data in support of the first hypothesis come from recent studies in hepatoma cells transduced with a dominant-interfering mutant of dynamin. Insulin-stimulated PI 3-kinase activation was reduced 50-60% while Akt activation was normal (57) . Data relevant to the second hypothesis include the fact that activation of Akt without activation of PI 3-kinase has been shown with growth hormone (25) , isoproterenol (26) , osmotic shock (27) , and changes in intracellular calcium (58) . Conceivably, such pathways could be induced in altered metabolic states such as obesity or diabetes. We considered the possibility that the discrepancy between PI 3-kinase and Akt kinase activities might not be present if we measured a larger pool of insulinresponsive PI 3-kinase activity, such as that associated with phosphotyrosine. However, complete abolition of insulin-stimulated phosphotyrosine-associated PI 3-kinase activity has been demonstrated in muscle of type 2 diabetic humans (9) . Furthermore, we (54) and others (59, 60) have found parallel or even greater reductions in phosphotyrosine-associated PI 3-kinase activity compared with IRS-1-associated PI 3-kinase activity in skeletal muscle of insulin-resistant rodents. In this study we also found a defect in IRS-2-associated PI 3-kinase activity in muscle of diabetic subjects. Interestingly, the stimulatory effect of insulin on IRS-2-associated PI 3-kinase activity in all groups, including lean controls, was lower than the effect on IRS-1-associated PI 3-kinase activity. This is consistent with the findings in IRS-1 and IRS-2 knockout mice, suggesting a greater role for IRS-1 in insulin-stimulated glucose uptake in muscle (61, 62) .
Other possible mechanisms for discordance between PI 3-kinase and Akt could involve regulation distal to activation of PI 3-kinase. For example, increased activity of phosphoinositide-dependent protein kinases that activate Akt (28), or decreased activity of phosphatases that dephosphorylate phospholipid products of PI 3-kinase (63), could amplify the signal from PI 3-kinase. Whether such alterations are present in muscle of diabetic subjects, and whether they could result in preserved activation of Akt when PI 3-kinase activity is impaired, are important questions for future studies.
The activity of PI 3-kinase (Y.-B. Kim and B.B. Kahn, unpublished observations) and Akt (30, 53) after insulin bolus injection in rats can rapidly peak and fall to a lower plateau, possibly because of the rapid clearance of insulin. However, because transient stimulation of PI 3-kinase activity has also been shown in rat soleus muscle in vitro, even with sustained exposure to high levels of insulin (64), we considered whether stimulation of these signaling pathways could be transient during the insulin clamp. The timing of PI 3-kinase activation has been studied in normal, lean humans under insulin-clamp conditions (65) . Stimulation of PI 3-kinase activity after 15 minutes of insulin infusion tended to be lower than after 1 hour, despite the fact that comparably high plasma insulin levels were achieved after 15 minutes (65) . The magnitude of antiphosphotyrosine-associated PI 3-kinase stimulation after 40 minutes (9) or 1 hour of insulin clamp (65) was similar to the stimulation of IRS-1-associated PI 3-kinase activity that we saw after 3 hours in lean subjects (Figure 3) .
The timing of Akt activation by insulin has not been reported in humans. Therefore, we carried out the pilot studies described in the Results section above. Because we did not find higher stimulation of Akt kinase activity after 15 minutes than after 3 hours, we pursued studies after full steady-state conditions, which allowed us to directly compare effects on insulin signaling with concurrent metabolic responses. In additional pilot studies with lower insulin infusion rates, which gave submaximal stimulation of glucose disposal in diabetic subjects, we also found normal stimulation of Akt activity. Although a subtle shift in the dose response of Akt activation by insulin in diabetic subjects cannot be excluded, our data show that at insulin concentrations that are associated with marked resistance to the stimulation of glucose disposal and GS in diabetic subjects, Akt activation and phosphorylation are normal.
Investigation of steps downstream of Akt could shed light on the role of Akt in insulin resistance. GSK-3 can be phosphorylated and inactivated by Akt; its inactivation results in stimulation of GS. Recent data in a cohort of subjects similar to those studied here indicate that the protein levels and total activity of GSK-3α and GSK-3β are increased in muscle of diabetic subjects in both the basal and insulin-stimulated states (S.E. Nikoulina et al., manuscript submitted for publication). However, the specific activity of GSK-3 (activity per molecule of enzyme) is normal in diabetic subjects, and GSK-3α activity falls normally in response to insulin, consistent with our demonstration here that basal and insulinstimulated Akt activity is normal in muscle of diabetic subjects. Furthermore, the total activity of GSK-3 corre-
Figure 5
Relationship between insulin-stimulated Akt1/2 kinase activity in skeletal muscle and GDR in vivo in lean, obese nondiabetic, and obese diabetic subjects. Each square represents data from 1 subject.
lates inversely with both GS activity and insulin-stimulated glucose disposal (S.E. Nikoulina et al., manuscript submitted for publication). Thus, the reduced GS activity in muscle of diabetic subjects may be explained by increased GSK-3 expression, rather than a defect in the ability of insulin to activate Akt.
In our obese subjects, we did not see a defect in insulin activation of PI 3-kinase or GS, although such defects have been reported in more severely insulin-resistant obese subjects (43, 51) . We cannot rule out the possibility that obese nondiabetic subjects with more severe insulin resistance would also have impaired PI 3-kinase activity.
In summary, in vivo administration of insulin in humans stimulates Akt1/2 activity in skeletal muscle and tends to stimulate Akt3 activity. In insulin-resistant obese subjects with type 2 diabetes, and with the characteristic impairments in glucose disposal and GS activity in skeletal muscle, insulin-stimulated phosphorylation and activation of Akt isoforms are normal. This occurs despite a 50% reduction in insulin-stimulated IRS-1-associated PI 3-kinase activity and a 39% reduction in IRS-2-associated PI 3-kinase activity. This suggests that either a PI 3-kinase-independent pathway is involved in stimulation of Akt by insulin in vivo, or that other factors can modulate the effect of PI 3-kinase on Akt. Importantly, whereas defective stimulation of PI 3-kinase may play a role in the pathogenesis of insulin resistance, Akt is unlikely to be a major factor in the resistance to insulin action on glucose disposal or GS activation in muscle of obese type 2 diabetic subjects.
